INTRODUCTION
Interest in the magnetic phase transitions ofNiBr 2,1,2 as well as a theoretical prediction of the magnetic contribution to its heat capacity3 recently prompted the first calorimetric investigation of NiBr2.4 In order to delineate the magnetic and lattice contributions to the heat capacity of NiBr 2 , a measurement of the heat capacity of a supposedly isomorphous 5 diamagnetic compound of similar molecular weight, ZnBr 2 , was undertaken. (The heat capacity ofZnBr2 has not been reported previously.) However the heat capacity measurements indicated that ZnBr2 could not have the CdCl z type structure that NiBr z has and that ZnBr2 is often reported to have. 5 ,6 This conclusion prompted a complete x-ray diffraction study of ZnBr2 which is reported in detail elsewhere.? The purpose of this communication is the presentation of the calorimetric results for ZnBr 2 , as well as the results of Raman and infrared spectroscopic investigations and the correlation of these results with each other and with the x-ray diffraction information.
EXPERIMENTAL TECHNIQUES
Anhydrous zinc (II) bromide (Alpha Inorganics, 99% pure) was dried under vacuum at 200 ·C for 6 h, and further purified by vacuum sublimation at 350 ·C for 8 h. Sublimation produced a very fine powder which was then sealed under vacuum, heated to 41O·C (just above its melting point), and allowed to cool gradually to room temperature in order to produce small single crystals for the x-ray diffraction and larger crystallites for the Raman investigations. Chemical analysis gave the following results (theoretical mass % in brackets): Zn, 30.3 (29.0) ; Br, 71.1 (71.0). All sample handling was carried out in a dry nitrogen glove box because of the extreme hygroscopic nature ofZnBr 2 ,
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K to T = 300 K by the heat pulse technique in an adiabatic calorimeter that was fitted with a calibrated Pt resistance thermometer. This calorimeter is described in detail elsewhere. s X-ray diffraction data for a crystal of maximum and minimum dimensions 0.18 and 0.10 mm were collected on a Syntex P 2] diffractometer. The crystal was sealed in a capillary tube, and 2988 reflections were collected.
Samples for the Raman experiments were crystallite fragments about 2 X 2 X 3 mm. These were mounted on the cold finger of a standard glass cryostat and cooled by liquid nitrogen. Raman spectra were excited by the 514.5 nm line of an argon ion laser (Spectra Physics 165), operating at powers up to 1 W. Light scattered at 90· was focused on to the entrance slit of a double monochromator (Spex 1401). The polarization of the incident laser beam could be rotated by a Fresnel bi-prism, and the scattered light analyzed with a rotatable Polaroid film and quartz wedge ("scrambler") mounted in front of the entrance slit. For some experiments aimed at detecting weak features at very low frequencies a third monochromator (Spex 1442) was introduced into the light path. The detector was a cooled photomultiplier (R.C.A. C31024), coupled to photon counting electronics. Output pulses were fed to an IBM PC microcomputer for storage, display, plotting, and subsequent processing.
For the infrared experiments, polycrystalline fragments were ground to a fine powder by mortar and pestle inside a nitrogen-filled glove box. The powder was spread as evenly as possible on a polyethylene plate and then covered by a second plate. The "sandwich" was then clamped on to the cold finger of a glass crysostat, fitted with polyethylene windows. Temperatures for both Raman and infrared samples were measured by copper-Constantan thermocouples in pressure contact with the substrate. Far infrared spectra were recorded on a Beckman RIIC Fourier Spectrometer (F.S. 620) equipped with high pressure mercury lamp source, Mylar beam dividers, and germanium bolometric detector operating at 4.2 K. Fast Fourier transforms of the interfero- gram signals were performed by an IBM PC microcomputer, and sample spectra were ratioed against those from background runs.
RESULTS
The experimental values of the molar heat capacity of a finely powdered sample (m = 23.491 g) ofZnBr2 are given in Table I and illustrated in Fig. 1 . The sample comprised -60% of the total heat capacity at T = 10K, and decreased to -40% of the total at T= 3ooK. While no sample history effects were observed, the thermal relaxation time after the heat pulse was extraordinarily long in ZnBr 2 . For example, at T -100 K it was of the order of 1 h in the finely powdered sample, whereas other inorganic materials of similar sample morphology (such as NiBr 2 ) had given relaxation times of -10 min in the same calorimeter. This observation, and the verification that the small amount ( -10-1 Torr) of 3He ex- change gas in the sealed vessel had not escaped, led to an investigation of the heat capacity of a sample of ZnBr 2 that had been pelleted and then crushed to give pieces of the order of 1 mm in each dimension. This procedure was found to increase the relaxation time to several hours, and measurements on this second sample were therefore too inaccurate to be meaningful. (It is interesting to note that very long thermal relaxation times were also noticed in the measurement of the low temperature heat capacity of ZnCI/ and PbI 2 .
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In the latter, the long relaxation has been ascribed to intrinsically low thermal conductivity of the sample. This is likely also the case in ZnBr 2 .) However, the measured heat capacity of the finely powdered sample ofZnBr2 ( Fig. 1 and Table   I ) is not at all in doubt within an estimated error of ± 2%.
Raman spectra of anhydrous ZnBr2 at 300 and 125 K are shown in Fig. 2 , and peak frequencies at these two temperatures are listed in Table II . The usual sharpening of peaks and shifts to slightly higher frequencies as the lattice contracts on cooling are clearly seen. More unusual, however, are the changes in intensity observed, particularly for the triplet centered around 50 cm -1. At first sight, this could be interpreted as evidence for a solid state phase transition, but the smooth heat capacity curve shows that this is not the case. Further study indicated that the phenomenon was related to polarization effects in the sample. Although single crystals large enough for Raman work could not be obtained, the samples used, probably consisting of conglomerates of a small number of single crystallites, did show polarization effects at room temperature. For some orientation combinations of polarizer and analyzer, changes in relative intensity similar to those seen in Fig. 3 were observed. In fact, we have used these properties to categorize many of the stronger peaks into the groups listed in Table II , following procedures used earlier for the alkali cyanides. 1 I When the cryostat temperature was lowered, however, cracks and strains in the crystals resulted in multiple scattering and a complete and irreversible loss of polarization dependence. The observed changes in spectra at the two temperatures therefore reflect changes in the physical state of the sample (especially crystallite size and preferred or random orienta- hand side of Table II . In contrast to the sharp well-resolved Raman spectra, the infrared spectra display the usual characteristics of strongly absorbing powders: scattering losses at high frequencies and broad peaks resulting from frequency dependence on the variable sample thickness together with reflection losses. In addition, for this hygroscopic sample, because of the large surface area of the powder, contamination by water is possible, although there is no direct evidence for this. Because of these difficulties, more weight will be given to the Raman data in the discussion which follows. The results of the x-ray diffraction study ofZnBr2 indicate a tetragonal structure with a = 11.389(4) A, c = 21.773(9) A, space group 14)/acd, and Z = 32 (16 formula units per primitive cell). While the crystallographic results are given in detail elsewhere, 7 it is useful to note several features of the crystal structure here, particularly since it relates to the analysis of the vibrational spectra in the next section. The structure consists of an approximately cubic close packed array of Br atoms with Zn filling 1/4 of the tetrahedral sites. The major feature of the structure is the "supertetrahedral" cage-like unit, Zn4Br 10' as shown in Fig.  5 . Each Zn atom is tetrahedrally coordinated to 4 Br atoms, and the Zn-Br-Zn connections between the supertetrahedra are nonlinear. 
DISCUSSION
As indicated in the Introduction, the heat capacity results for ZnBr2 were undertaken in order to provide a guide to the lattice heat capacity of NiBr 2 , so that an analysis of the magnetic contribution to the heat capacity of that salt could be made. On the basis of their similar molecular weights and the absence of magnetic contributions in ZnBr2' one would have "expected" the heat capacity of ZnBr2 to be less than that of NiBr2 if the two compounds were isostructural as reported.
5 ,6 However, a comparison of C p for the two compounds, as illustrated in Fig. 1 , shows that for the region from T -10 K to T -lOOK, the opposite is observed. In fact, in the region from T = 20 K to T = 30 K, C p of ZnBr2 exceeds that of NiBr2 by about a factor of 2. This rather surprising result was the first indication that ZnBr2 and NiBr2 are not isomorphous.
The Raman spectra of ZnBr2 clearly support this conclusion in that the contrast between the simple two peak Raman spectra observed for crystals of the CdCl 2 and CdI 2 structures,12,13 and those shown in Fig. 2 for ZnBr2 could hardly be greater. Although the infrared spectrum is somewhat less definitive, it is clear that it also has many more peaks than the two predicted and observed for these simpler structures. 12,13 The rich vibrational spectra ofZnBr2 are immediately indicative of a large unit cell. The number of noncoincidences between Raman and infrared peak frequencies also supports a centrosymmetric structure for this crystal. The fact that many of these vibrations have low frequencies qualitatively explains the anomalously large heat capacity values at low temperatures.
The strongest Raman peak ( -162 cm -I) is in the vicinity of the symmetric stretch (v Il for ZnBr~ -ions, observed in aqueous solutions,14 and the strong doublet in the far infrared spectrum (200, 229 cm -I) similarly corresponds to the asymmetric stretch (v 3 ) of these tetrahedral units. In addition, the frequency positions of the other two fundamentals of ZnB~-(v 2 -65 cm-I ; v 4 -86 cm-I ) are close to where peaks are observed in both Raman and infrared spectra in the present work. Of course, the actual normal mode frequency distribution for such a large unit cell will be very complicated, but the spectra are generally compatible with the structural interpretation that the building blocks of the ZnBr 2 crystal are indeed ZnB~ -tetrahedral units. 7
A somewhat more quantitative interpretation is possible by using the group theoretical correlation method. 15 This relates the degrees of freedom of all ions in the unit cell to their symmetry species at their sites and those pertaining to the whole unit cell, as illustrated in Fig. 6 (left-hand side) . In the space group! 41/acd (D~~), the 16 Zn 2 + ions and 16 of the Br-ions are on general sites, while the other 16 Br-ions occupy two sets of C 2 sites. The net result is that 44 Raman and 26 infrared peaks are predicted for ZnBr 2 . (The larger number of Raman peaks is a consequence of the fact that of the 10 unit cell representations, 4 are Raman active, 4 are inactive, and only 2 are infrared active.) The numbers of components are larger than the actual peaks observed (20 Raman, 8 infrared) by a factor of over 2.
It would appear that the actual structure of ZnBr2 is a distortion of a somewhat more symmetrical structure with a primitive unit cell of half the size (eight formula units per primitive cell). In other words, the normal mode frequencies depend mainly on short range interactions and are insensitive to the form of coupling with other more distant ions. This results in some modes being effectively degenerate, and a reduction in the number of peaks observed. Some indirect supportive evidence for this is provided by the polarization studies. Some quite strong peaks did not fall into any particular groups, perhaps because they contained unresolved components of different symmetries.
Of the various possibilities leading to a smaller unit cell, based on the classification of space groups by geometric units, 16 the one described by space group P 42/nmc (D !~) is favored. This space group retains the Zn4Br 10 supertetrahedral group and the bent Zn-Br-Zn connections between supertetrahedra. Relative to the true space group, the unit cell is reduced by a factor of2 in the c direction, and by a further factor of,fi in the a and b directions (half the diagonals of the original unit cell). Eight Be ions are on C 2v sites, the other eight are on C 2 sites and the Zn2+ ions are on C s sites. The net result, as shown by the correlation diagram in Fig. 6 (right-hand side), is the prediction of 23 Raman and 14 infrared peaks, much closer to the actual numbers observed.
It should be noted that in any large unit cell, there will be some modes in which neighboring ions move as a block in phase with each other but against similar blocks. (A similar interpretation has been given to explain the Raman spectrum of the molecular crystal hydrogen sulfide, which has 16 molecules in the unit cell. 17) The large effective mass of these vibrations will lead to very low frequency modes, which will contribute greatly to the low temperature heat capacity.
The results of the Raman and infrared experiments have been used to calculate the heat capacity of ZnBr 2 as a function of temperature, as described below.
In the absence of a complete spectroscopic assignment, a simplified calculation 18 of the optical contribution to the heat capacity has been made: Although the sum of the optical and acoustic contributions to the heat capacity for ZnBr2 is the molar heat capacity at constant volume C u , we are unable to assess C p -C u for ZnBr2 due to the absence of thermal expansion data. However, we can say for inorganic solids that C p is nearly equal to Cu'
A comparison of the calculated and experimental values of C p is shown in Fig. 7 . The two are in very good agreement, especially in the low temperature region where the experimental values are so much greater than those of NiBr2 (Fig. 1) . As one might expect, the calculated and experimental heat capacity values are also in good agreement at higher temperatures, where C u approaches 9R ( = 74.8 J K -, mol-'). However, the calculated heat capacity is higher than the measured values at intermediate temperatures (-15% too high at T = 50 K), and this difference is most likely attributable to giving equal weight to each of the observed Raman and infrared frequencies in the calculation of the optical contribution to Cu' The fact that the calculated heat capacity is higher than the measured in this temperature range, and yet the two agree well at lower temperatures,
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-. indicates that modes with frequencies between -70 and -100 cm -, should be weighted slightly less than the other modes.
CONCLUDING REMARKS
The results of these combined calorimetric, spectroscopic, and x-ray diffraction investigations of anhydrous zinc bromide are all consistent with its crystal structure being much more complex than that ofMX 2 compounds with the CdCl 2 type of layered arrangement. The unit cell of ZnBr 2 is large (Z = 32), and the space group is body centered tetragonal (I 4,/acd) . A group theoretical analysis based on this structure indicates that there should be 44 Raman and 26 infrared active modes, approximately twice the numbers observed. The difference has been attributed to near-degeneracies that can arise in a large unit cell, in which certain modes differ from others only in the phase relationships between ions quite distant from and therefore weakly coupled to each other. An additional effect in a large cell is that neighboring ions can move together as a block against similar blocks. The large effective mass for these modes leads to rather low vibrational frequencies, which accounts for the unusually high heat capacity at low temperatures in ZnBr 2 . A calculation of the heat capacity based on a simplified weighting of the Raman and infrared frequencies leads to a much improved agreement with the observed values, especially at low temperatures.
